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ARTICLE INFO ABSTRACT
Keywords: Gamification can create meaningful engagement for users and foster desired behaviors. In
Gamification gamification research, however, the importance of sensory stimuli often has been overlooked. We
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examine and discuss how the variation of visual and auditory stimuli in gamified driving in-
fluences users’ eco-driving behavior. We conducted a field experiment where eco-driving is the
field of application and energy consumption the dependent variable. Participants performed test
drives with a battery electric car whilst using a mobile application that supports participants to
drive more eco-friendly. We varied the extent to which the application employs visual and
auditory stimuli. Our results of an analysis of covariance (ANCOVA) and multivariate analysis of
variance (MANOVA) show that, depending on the stimuli configuration, participants expose
different levels of energy consumption and experience different levels of enjoyment as well as
different intentions to actually use this mobile application. More specifically, through the
ANCOVA, we find significant differences of the energy consumption between the control group,
who drove without the gamified application, and the visual-auditory group, as well as between
the visual-only and the visual-auditory group, both at a p-value of 0.02. Further, the MANOVA
reveals significant differences between the visual-only and visual-auditory group at a p-value of
0.01 for both perceived enjoyment and intention to use. Due to the significant impact of the
varied sensory stimuli on the outcomes, we conclude that the choice and design of sensory stimuli
play an increasingly important role in real-time gamification in safety critical situations.

1. Introduction

The benefits of gaming are increasingly recognized as an asset to foster desired behaviors, which is why products and services that
have not usually been associated with games, are becoming more and more gamified, meaning that game design elements such as
leaderboards, challenges or badges are introduced into non-game application contexts (Deterding, Dixon, Khaled, & Nacke, 2011;
Hamari & Koivisto, 2015; Putz, Hofbauer, & Treiblmaier, 2020; Suh, Cheung, Ahuja, & Wagner, 2017). Yet, most gamified applications
are predicted to fail to meet corporate objectives, primarily due to poor design (Burke, 2013). This challenge has led to an interest in
research that examines the design and evaluation of gamification (Morschheuser, Hassan, Werder, & Hamari, 2018; Mulcahy, Russell-
Bennett, & Iacobucci, 2020; Rapp, 2017).
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In the growing stream of research on gamification design and evaluation, a variety of gamification elements such as leaderboards
and badges have been in the focus (see, e.g., Enriquez, Troyano, & Romero-Moreno, 2019; Hamari, 2017). However, knowledge on
gamification design is still incomplete, in particular the importance of sensory stimuli has played an underrated role so far. Sensory
stimuli are detectable signals from inner or outer environments that can be received and interpreted by humans through sensory
receptions including eyes, ears, smell, taste, or contact (Parsons & Conroy, 2006). Sensory stimuli are important foundational com-
ponents of gamified systems, which in most cases build primarily on images and audio (Liu, Santhanam, & Webster, 2017) and help
reverberate the user’s changes (Rapp, Tirassa, & Tirabeni, 2019). Therefore, in this study, we focus on the sensory receptions of sight
and sound.

Regarding the evolution of gamification research, Nacke and Deterding (2017) indicated that gamification research initially asked
the blanket question “does gamification work?”, which is currently in a maturing stage (pp. 450-451):

If the first wave of gamification research was held together by fundamental questions of “what?” and “why?”, the current wave is
asking differentiated questions around “how?”, “when?”, and “how and when not?”.

In our first field experiment on gamification for motivating eco-driving (Degirmenci, Katolla, & Breitner, 2015), we explored the
impact of a gamified mobile application on energy consumption. We used energy consumption as the dependent variable of our study,
which indicated how eco-efficient the participants drove. We found that gamification works for eco-driving: our experimental group
who used the gamified application during test drives with a battery electric car consumed significantly less energy compared to the
control group who drove without the application. In the present paper, we report on our second field experiment on gamified
eco-driving, where we go one step further and examine how and when sensory stimuli in gamified systems influence users’ driving
behaviors. We focus on how design choices of visual and auditory stimuli in gamified systems inform the extent to which drivers engage
in driving behavior that minimizes energy consumption by avoiding energy-intensive driving choices such as excessive acceleration
and hard braking (De Vlieger, De Keukeleere, & Kretzschmar, 2000; Fonseca, Casanova, & Espinosa, 2010; Helmbrecht, Monreal, &
Bengler, 2014). A combination of visual and auditory stimuli is particularly effective for real-time gamification, such as in our driving
behavior context. Different transport fields like public transport might need other forms of affordances than sensory stimuli to improve
energy efficiency. In our context, the driving style plays an important role in improving the energy efficiency in battery electric ve-
hicles (Knowles, Scott, & Baglee, 2012). Prior test drives from other studies show that aggressive driving has a significant influence on
energy consumption in electric vehicles, reducing up to 35 % energy through changing driving styles (Al-Wreikat, Serrano, & Sodré,
2021; Donkers, Yang, & Viktorovi¢, 2020). While recharging effects occur through regenerative braking which provides the ability to
recover the electric vehicle’s kinetic energy during deceleration and convert it into electricity in order to recharge the battery (Lv,
Zhang, Li, & Yuan, 2015; Qiu & Wang, 2016), the energy recovery from regenerative braking does not guarantee less energy con-
sumption because deceleration requires acceleration to adapt to the traffic flow (Hu, Wu, & Schwanen, 2017). We have two main
reasons for choosing this setting: First, about one quarter of worldwide carbon emissions is produced in the transport sector (Inter-
national Energy Agency, 2018), which makes transportation a relevant field of research for environmental sustainability (Degirmenci
& Breitner, 2017). Second, electric vehicles are in and by themselves a purportedly environmentally friendly choice of transportation;
they are constructed more eco-effective than combustion vehicles — but they are also only eco-efficient if they are used appropriately,
that is, if they are operated in a way that conservation, i.e., reduction of energy consumption, and restoration, i.e., recharging, effects
occur. These two effects are primarily a question of operation, i.e., the choices an operator makes: in order to reduce energy con-
sumption, excessive acceleration and hard braking must be avoided, if possible; similarly, for recharging, the regenerative braking
system of electric vehicles, which recovers the vehicle’s kinetic energy during deceleration, must be operated such that minimal heat,
as in a conventional braking system, is produced.

Our study contributes to the gamified driving literature in two ways: First, we link gamification design decisions (visual and
auditory stimuli) to two types of outcomes — instrumental and experiential, situated in a societally relevant application domain, eco-
driving, which is a relevant domain in the field of sustainable transportation (Henfridsson & Lind, 2014), and where gamification is
considered to be an important part of a gamified solution space (Giinther, Kacperski, & Krems, 2020; Nousias et al., 2019). Second, our
study provides important insights into the relationship between outcomes and adoption of real-time gamification in safety critical
situations. Our findings suggest a trade-off between outcomes of gamified system use, which are realized through the reinforcement of
desired behaviors, and the adoption of gamified systems depending on levels of enjoyment while using, and intention to use the system.
We link this trade-off to the choices through which sensory stimuli are designed into a system, which implicates that the design of
gamified systems requires a careful balance of visual and auditory stimuli to increase both outcomes and adoption, not just either or.
Third, we focus on gamification used in mobile applications to derive implications for the widespread use of smartphones. Therefore,
we investigate visual and auditory stimuli, and exclude haptic feedback. Nevertheless, we acknowledge that prior eco-driving research
has addressed haptic feedback, e.g., through vibrotactile pedals (Birrell, Young, & Weldon, 2013) or virtual reality environments
(Pietra et al., 2021).

First, we introduce gamification and sensory stimuli, and explain the role of driver assistance in eco-driving. Then, we develop our
hypotheses, for which we draw on the concept of meaningful engagement through gamification (Liu et al., 2017). Next, we describe
how we conduct our field experiment. After presenting our results and evaluating our hypotheses, we discuss our findings and their
implications, and give recommendations. Finally, we address limitations and conclusions of our study and provide an outlook for
further research.
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2. Theoretical and practical background
2.1. Gamification and sensory stimuli in gamified systems

Presently, much attention is geared towards the use of gaming elements as a particularly promising way to enhance user
engagement (Baptista & Oliveira, 2019; Behl & Dutta, 2020; Groening & Binnewies, 2019; Koivisto & Hamari, 2019; Moro, Ramos,
Esmerado, & Jalali, 2019). While rewards are used in gamified systems to motivate positive behaviors, punishments have the purpose
to discourage negative ones (Diefenbach & Miissig, 2019). Both rewards and punishments are typical gamification elements and have
been proven to be effective to engage users in desirable behaviors (Fang et al., 2019; Gamma, Mai, Cometta, & Loock, 2021).
Considering classic game elements, rewards are often used to praise the player through an explicit statement or a special sound effect;
they come in the form of points or power-ups (such as becoming tall in Super Mario Bros. or speeding up in Sonic the Hedgehog), or just
simply by completing a level (Schell, 2008). Punishments do the opposite: they shame the player through explicit messages (e.g.,
“Missed” or “Defeated!”), or with discouraging animations, sound effects, and music. They are delivered through the loss of points or
fail points, terminated play (most commonly: game over), setback (when, after dying, a game returns the player to the start of a level or
to the last checkpoint), or resource depletion (running out of money, goods, or ammunition), which allows the player a chance to risk
consequences and makes success more valuable (Schell, 2008).

Gamification design elements in the form of points, badges and leaderboards, often referred to as PBL, have been in the focus of
numerous studies (see, e.g., Ambrey & Yen, 2018; Aparicio, Oliveira, Bacao, & Painho, 2019; Dissanayake, Mehta, Palvia, Taras, &
Amoako-Gyampah, 2019; Hamari, 2017; Hollig, Tumasjan, & Welpe, 2020; Landers, Bauer, & Callan, 2017; Lieberoth, Jensen, &
Bredahl, 2018; Morschheuser, Hamari, & Maedche, 2019). However, none of these studies investigated the role of sensory stimuli in
gamification, which is surprising given that most games are essentially narratives composed of sight and sound (Nacke, Grimshaw, &
Lindley, 2010; Nandhakumar, Panourgias, & Scarbrough, 2013; Seidel et al., 2018). This lack of knowledge on fundamental gami-
fication design building blocks has been noted by others as well: it is “not just a matter of adding PBL (points, badges, and leader-
boards) to any digital task but to carefully design gamified systems that will foster desired behaviors” (Liu et al., 2017, p. 1012).

While most gamification research has a focus on visual signals of gamification, there is less literature that examines auditory el-
ements, such as the following paper, which has analyzed differences in narrative game elements in the form of text, audio, still pictures,
and video: Landers, Auer, and Abraham (2020) used a situational judgment test for assessment gamification to examine users’
conscientiousness and cognitive ability in assessment situations. While most gamification studies do not report on auditory elements of
the gamified system in focus, some studies rarely report auditory stimuli, for example, the following paper has reported auditory
stimuli on a marginal note: Santhanam, Liu, and Shen (2016) used a mini-game, “Who Wants to Be a Millionaire?” to gamify a uni-
versity learning system, which contains auditory stimuli such as simulated applause and background music. In gamification research,
there is a disproportional focus on PBL and other gamification design elements, while core components such as sight and sound, which
are essential parts of any gamification element (Landers, 2019), have not yet been adequately researched. We take this step and
examine how the design of sensory stimuli in gamified driving will influence the desired changes in users’ driving behaviors.

2.2. Eco-driving and driver assistance systems

Gamification is relevant in different fields such as education, health, crowdsourcing, or sustainability (Seaborn & Fels, 2015). Our
focal setting is sustainability because gamification has been lauded as a potential way to help encourage sustainable behaviors
(Shevchuk, Degirmenci, & Oinas-Kukkonen, 2019) and improve environmental conditions (Elliot & Webster, 2017). Given the
importance of eco-driving for the sustainability of transportation through improved energy efficiency (Barla, Gilbert-Gonthier, Lopez
Castro, & Miranda-Moreno, 2017; McConky, Chen, & Gavi, 2018; Sivak & Schoettle, 2012), it is notable that, in the emergence of
research on green information systems (Gholami, Watson, Hasan, Molla, & Bjgrn-Andersen, 2016), eco-driving has so far played an
underrepresented role in information systems research (Henfridsson & Lind, 2014). In transportation research, however, there has
been a sizable discussion on eco-driving in recent years, particularly on the subject of how driver assistance systems can improve
eco-driving behaviors (see, e.g., Dogan, Bolderdijk, & Steg, 2014; Jamson, Brouwer, & Seewald, 2015; Stillwater & Kurani, 2013).

Driver assistance systems are information systems that provide relevant information to improve driver behavior, e.g., by means of
adaptive cruise control, forward collision warning, driver drowsiness detection, traffic sign recognition, parking assistance, night
vision, etc. (Akhlaq, Sheltami, Helgeson, & Shakshuki, 2012). Most prominently, such systems are used in a road safety scenario, where
distraction is a serious issue and can lead to severe road crashes (Née et al., 2019). Besides inner cognitive or on-road distractions,
particularly in-vehicle and mobile phone interactions increasingly become a hazard to drivers (Oviedo-Trespalacios, Haque, King, &
Washington, 2016; Qin, Li, Chen, Bill, & Noyce, 2019). Given the important role of mobile phones in today’s world, stopping their use
in vehicles appears to be unrealistic (Oviedo-Trespalacios, Briant, Kaye, & King, 2020). Therefore, a growing body of research analyzes
how actually mobile phones can be used to reduce distractions (Diewald, Moller, Roalter, Stockinger, & Kranz, 2013; Orfila, Saint
Pierre, & Messias, 2015; Xie, Chen, & Donmez, 2016), without additional distraction from the primary task of driving (Steinberger,
Schroeter, Foth, & Johnson, 2017; Vaezipour, Rakotonirainy, Haworth, & Delhomme, 2017).

While road safety is a major concern, dedicated eco-driving assistance systems are emerging, which are developed specifically to
assist users to drive more eco-efficiently and thereby reduce energy consumption (Fors, Kircher, & Ahlstrom, 2015; Tulusan, Steggers,
Staake, & Fleisch, 2012). Most systems provide driver feedback visually (Sanguinetti, Queen, Yee, & Akanesuvan, 2020), through eco-
appropriate symbolic expressions, for example, in a form of a set of green leaves, which grow and vanish according to the eco-driving
performance (Meschtscherjakov, Wilfinger, & Scherndl, 2009); or by providing performance scores referring to eco-driving relevant

268



K. Degirmenci and M.H. Breitner Transportation Research Part F: Psychology and Behaviour 92 (2023) 266-282

factors such as acceleration, braking, and speed (Fors et al., 2015; Tulusan et al., 2012); or by showing eco-driving messages such as
increased energy consumption due to excessive acceleration (Rouzikhah, King, & Rakotonirainy, 2013). Further elements include skill
levels, for example, Orfila et al. (2015) motivate drivers to drive more eco-friendly by using a gamified mobile application, which
rewards the driver to gain an additional level for an average eco-driving score greater than 70 % for five trips out of the last ten trips,
and the driver is punished and loses one level if they get an average score lower than 40 % for eight trips out of the last ten. These
examples show that visual sensory stimuli are the primary design elements employed in eco-driving assistance systems. Studies show
that they can indeed improve the eco-driving performance and lead to higher energy reductions, however, the literature also shows
that the same mechanisms become less clear once auditory signals such as sounds, beeps, or other signals are added to the visual stimuli
(Hammerschmidt & Hermann, 2017).

We are interested in the two different roles that visual and auditory stimuli of gamified systems have on eco-driving in a real-time
safety critical situation, in particular regarding the impact of a gamified mobile application on users’ eco-driving behaviors using both
visual and auditory stimuli. Our claim is that visual and auditory stimuli lead to a potential trade-off between outcomes, i.e., how eco-
efficient a user driving behavior becomes, and adoption, i.e., whether or not the user is willing to continue using the gamified system
while driving. In extending this challenge of a trade-off, we provide a nuanced view on distinctive impacts of visual and auditory
stimuli on eco-driving behaviors and the adoption and outcomes of the gamified system.

3. Present research

Since the desirable outcome of the use of gamified systems for eco-driving is the reduction of energy consumption during vehicle
operation, we draw on the concept of meaningful engagement through gamification (Liu et al., 2017) to develop our experimental
hypotheses. We do so because we want to better understand how sensory stimuli in gamified driving not only affect the experience of
system use but also its performance outcomes regarding increased energy reductions. The concept of meaningful engagement through
gamification serves as an adequate theoretical baseline for this twofold focus because it differentiates between instrumental and
experiential outcomes (Liu et al., 2017). Instrumental outcomes refer to salient utilitarian consequences situated within the context for
which the system is developed, in our context the reduction of energy consumption during vehicle operation. Experiential outcomes
refer to outcomes in the form of enjoyment, engagement, fun, cognitive effort, and other similar outcomes. Our research objective is to
analyze a trade-off between instrumental and experiential outcomes of gamified applications to improve eco-driving behaviors. We
address the following research questions: (1) How do sensory stimuli (visual and auditory) vary in gamified applications regarding
their impact on instrumental outcomes (energy consumption) of eco-driving? (2) How are they distinctive when influencing experi-
ential outcomes (perceived usefulness, ease of use, enjoyment, and intention to use)? We develop hypotheses first for instrumental and
then experiential outcomes.

Because individuals have separate information-processing channels (eyes and ears) available while driving, but their capacity for
seeing and hearing is limited (Baddeley & Hitch, 1974; Mayer, 2009), we propose that addressing both the visual and auditory sensory
memory helps to overcome the limited capacity of users of gamified systems while driving a car. This is particularly true in a driving
context because driving is a highly visual task (Birrell et al., 2013). Therefore, visual stimuli in gamified systems are competing
stronger with the driving task than auditory stimuli. We further assume that drivers actively process the visual and auditory infor-
mation transmitted by the gamified system, resulting in an improved integration with other knowledge regarding eco-driving goals and
techniques, which eventually allows users to drive more eco-friendly. Therefore, we propose the following first hypothesis:

H1. We hypothesize that drivers receiving both visual and auditory stimuli through a gamified system during vehicle operation,
would consume significantly less energy than those receiving no stimuli (control group) or visual stimuli only.

Besides instrumental outcomes in the form of energy reduction, the integration process of mental representations of visual and
auditory stimuli also leads to experiential outcomes. Both perspectives are relevant to the use of a gamified system for eco-driving: such
a system is serious, i.e., it contains elements of utilitarian nature—its fundamental purpose is to assist users to improve their eco-
driving performance. However, as game elements such as taking up challenges (like growing green leaves in Meschtscherjakov
et al.’s (2009) study) or collecting points (such as providing eco-performance scores in Fors et al.’s (2015) or Tulusan et al.’s (2012)
study) are increasingly added to eco-driving assistance systems, there is also a notable fun aspect in the process of using such systems,
in turn highlighting a hedonic appeal of the system. To understand which of the serious and fun aspects feature more strongly in the
experience of users and the formation of their intention to use such a system, we draw on works that provide concepts to explain
utilitarian (Davis, 1989) and hedonic (van der Heijden, 2004) technology adoption to conceptualize experiential outcomes from the
use of gamified systems.

Specifically, we draw on the constructs of perceived usefulness and perceived ease of use, key determinants of intention to use
utilitarian technologies (Althuizen, 2018; Davis, Bagozzi, & Warshaw, 1989), a relationship that explains why individuals accept or
reject an information system. The origins of perceived usefulness and ease of use are ascribed to the workplace environment, when
Davis (1989) investigated how system use enhances an individual’s job performance and be free of effort. We consider perceived
usefulness and ease of use in the context of eco-driving performance, more specifically, the performance of improving acceleration and
braking behavior. Outside this productivity-oriented context, van der Heijden (2004) analyzed system use in a hedonic context in
which systems “aim to provide self-fulfilling rather than instrumental value to the user, are strongly connected to home and leisure
activities, focus on the fun aspect of using information systems, and encourage prolonged rather than productive use” (p. 695),
conceptualized in the notion of perceived enjoyment, which captures “the extent to which the activity of using the computer is
perceived to be enjoyable in its own right, apart from any performance consequences that may be anticipated” (Davis, Bagozzi, &
Warshaw, 1992, p. 1113).
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With these concepts defined, we assume that, in general, the provision of any sensory stimuli will likely be perceived as somewhat
useful. This is because engaging in ecologically sustainable behavior requires relevant information about the environmental impact of
personal decisions (Watson, Corbett, Boudreau, & Webster, 2012). Eco-driving assistance systems have the capability to provide such
information through visual and auditory feedback to the driver (Hermsen, Frost, Renes, & Kerkhof, 2016). For example, a system
equipped with a visual display showing the acceleration and braking performance enables drivers to adjust their driving behaviors,
which reduces the level of energy consumption and thus improves on eco-driving (De Vlieger et al., 2000; Fonseca et al., 2010). Thus,
ex ante, visual stimuli elevate usefulness perceptions because the system can support eco-driving through the provision of accurate,
meaningful, timely, and actionable information.

Due to an increasing complexity of the main task of driving, any additional interaction while driving can amplify distraction for the
driver (Vaezipour et al., 2017). In a road safety scenario, distraction is the “diversion of attention away from activities critical for safe
driving toward a competing activity, which may result in insufficient or no attention to activities critical for safe driving” (Regan,
Hallett, & Gordon, 2011, p. 1776). Adding auditory stimuli to visual stimuli therefore diverts drivers’ attention away from the main
task of driving toward the competing activity of paying attention to the gamified system, and as a consequence lead to increased
distraction for the driver (Fors et al., 2015; Rouzikhah et al., 2013). One explanation for this effect is that auditory feedback is more
difficult to ignore than visual feedback (Kircher, Fors, & Ahlstrom, 2014). Visual-auditory stimuli literally impede users to actively
choose the moment of information gathering themselves, whereas visual-only stimuli can be considered, i.e., looked at, at the
disposition of the user (Meschtscherjakov et al., 2009). We acknowledge that this provides a conflict between the driver’s attention on
the road and their attention to the gamified system that is required to make the visual and auditory stimuli as effective as possible. As a
result, we assume that participants experience lower intentions to use the gamified system compared to participants who are not
exposed to an auditory signal because their attention is drawn away from the road toward the gamified system. We thus anticipate that
users’ intentions are affected by how useful, easy to use, and enjoyable they perceive the gamified system to be. We propose the
following second hypothesis:

H2. We hypothesize that drivers receiving both visual and auditory stimuli through a gamified system during vehicle operation,
would experience (a) perceived usefulness, (b) perceived ease of use, (c) perceived enjoyment, and (d) intention to use significantly
lower than those receiving visual stimuli only.

4. Research design and methods
4.1. Research design

We conducted a field experiment, which boasts strong ecological validity (Bordens & Abbott, 2018), and thus makes an adequate
choice of our research design. As the setting for our experiment, we settled on the operation of a battery electric car with the help of a
gamified mobile application. We used one between-group factor with three levels: without gamified application (control group), with
gamified application visual stimuli only (visual-only group), and with gamified application adding auditory cue to visual stimuli
(visual-auditory group). While adding an auditory cue to visual stimuli might appear as a small design change, the outcome is far from
trivial: “games are complex, dynamic systems, in which even small design changes can have huge impacts on the experience of players”
(Rapp, Hopfgartner, Hamari, Linehan, & Cena, 2019, p. 2). We employed energy in kilowatt hours (kWh) per 100 km consumed by the
battery electric car as the dependent variable.

4.2. Treatment

For the treatment of the experiment in order to monitor excessive acceleration and hard braking, an application called Smooth
Driver by Jettysoft (Apple, 2014) was chosen as the treatment. The application provided accurate, practical, and relevant usability as
well as the motivation to drive more energy-efficiently by giving the task to drive without dropping a ball out of a visualized bowl, and
thus providing a gamified solution to enhance eco-driving (see Apple (2014) for screenshots of the gamified application).

While there were three levels of difficulty to choose from, the application was set to normal mode. Prior to the test drives, seven
rehearsal drives were performed in order to pretest the applicability of the mobile application. As part of the pretest, the beginner,
normal, and master mode of the application was tested in order to find the accurate level of difficulty. The beginner mode extends the
size of the bowl, whereas the master mode reduces the size making the task more difficult to perform. The choice of the mode im-
plicates a balance between driving comfort and energy efficiency. For the experiment, based on the feedback from participants of the
rehearsal drives, the normal mode was chosen in order to ensure driving comfort and also to encourage energy-efficient driving.

The gamified application provided visual and auditory sensory information and allowed us to realize visual-only and visual-
auditory conditions. We established a link between the application’s objective of keeping the ball inside the bowl and a lower en-
ergy consumption because we assumed that participants would reduce excessive acceleration and hard braking to achieve the
objective. Touching the screen while driving was not required to use the application, reducing the risk of distraction to a reasonable
minimum. The mobile phone on which the application was displayed had a screen size of 4 in. on the diagonal and was mounted on the
car’s central panel using a suction cup mount. This ensured to comply with the federal road traffic regulations, which specify that it is
not allowed for drivers to hold mobile phones in their hands while driving. To that end, it is important to note that we did not only
provide the opportunity for participants to drive ecologically efficient but also safely, which allowed for eco-safe driving (Vaezipour
etal., 2017). To add further to the safety of the protocol, we chose Smooth Driver because the application has not only been designed to
enhance energy efficiency but also to improve vehicle safety. The developers state that using the application helps to reduce the risk of
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Table 1
Gamification design in Smooth Driver.
Gamified system Gamification elements
Gamification objects o Grey bowl: a grey bowl defines the area where the challenge is to keep a red ball inside the bowl

Red ball: a red ball illustrates the intensity of the driving behavior where excessive acceleration and hard braking is
likely to push the ball outside of the bowl

Fail points: fail points are visualized through digit numbers

Sound signal: a sound signal is produced in the form of a beep lasting 1000 ms on a frequency of 2000 Hertz

Gamification o Conferring fail points: for each time the ball drops out of the bowl, the driver receives a fail point
mechanics Auditory feedback: the sound signal informs the driver of a fail point, which provides the incentive to drive more
smoothly

traffic accident, such as the risk of nose-to-tail crashes, which is a common type of accident, by monitoring acceleration and braking
behavior (Apple, 2014). Nevertheless, for safety reasons, we stress that real-time gamified applications in safety critical situations
should only be started before starting to drive and that the driver should always keep the eyes on the road while driving. In case of a
near-crash situation, research suggests that a distinction is required between emergency braking as a result of inadequate anticipation
of road or traffic situations, and emergency braking due to circumstances that are out of the driver’s control such as traffic accidents
caused by other drivers (Zavalko, 2018). Since eco-driving trains skills through anticipated driving including smooth acceleration and
braking, the former is considered to involve low levels of eco-driving skills, while the latter occurs seldom.

The application includes two gamification elements: (1) a challenge is offered through a grey bowl with a red ball inside, which
rests in the middle of the bowl in its idle position. An abrupt change in velocity or direction moves the ball out of the bowl, while the
magnitude of velocity change is critical for energy-efficient driving. The goal of the user is to drive without dropping the ball out of the
bowl, which engages the user to drive in a way that avoids excessive acceleration and hard braking in order to keep the ball inside of
the bowl; and (2) each drop of the ball outside the bowl results in a fail point as a form of punishment, which increases the challenge of
play (Schell, 2008). Collecting as few fail points as possible discourages the driver from excessive acceleration and hard braking, and
motivates them to drive more eco-friendly. Both gaming elements are visual in nature, however, importantly for our purposes, the
application allows the optional provision of an auditory signal produced for each fail point, in the form of an auditory stimulus, a beep,
lasting 1000 ms on a frequency of 2000 Hertz.

Table 1 shows the gamification elements of Smooth Driver, where two main categories are used to classify the design of the gamified
system, i.e., gamification objects and mechanics (Liu et al., 2017). Gamification objects are “the basic ‘building blocks’ of a gamified
system, which typically include items, characters, scripts, visual assets, and so on” (Liu et al., 2017, p. 5). They are classified into two
types of experiences: sensory experiences such as images, audios, videos, animations, and multimedia (called aesthetics in other
gamification taxonomies); and cognitive experiences such as stories, puzzles, and plots (called narratives in some taxonomies).
Gamification mechanics refer to “the rules that govern the interaction between users and game objects” (Liu et al., 2017, p. 6). For
example, a gamified system could contain points as an object, and the mechanic could be the rules for awarding the points to the user.
Other mechanics may provide rules for chance elements, user choices, levels, leaderboards, badges, guilds, trading, and social in-
teractions. The combination of gamification mechanics with actions taken by users, results in user-system interactions (called dy-
namics in some taxonomies).

This allowed us to create a visual-only group, where participants were only exposed to the visual elements of the gamified
application; and a visual-auditory group, where the auditory signal was provided in addition to the visual elements. We did not focus
on how the drivers performed in the game because the gameful experience was in the focus of the user-system interaction (Liu et al.,
2017), and win-lose situations have been shown to have no effect on enhancing instrumental task outcomes (Hammedi, Leclercq,
Poncin, & Alkire, 2021).

4.3. Measurements

For our independent variable, we manipulated (1) the presence and absence of the gamified application, and (2) the inclusion/
exclusion of the sound signal of the application to realize our experimental groups. We measured our dependent variable for
instrumental outcomes, energy consumption, by tracking energy in kWh/100 km consumed by the battery electric car with the ve-
hicle’s built-in telematics system. This allowed to compare the driving performance between the control group, visual-only group, and
visual-auditory group. The accuracy of the vehicle’s built-in telematics was confirmed by verifying the energy in kWh/100 km through
the electric car’s online platform service, which provides connectivity and diagnostic features as well as a battery management system.

In addition to measuring the dependent variable for instrumental outcomes, we also measured latent variables for experiential
outcomes. We measured them with reflective multiple-item survey scales, drawn from pre-validated measures. Perceived usefulness
was measured with item scales from van der Heijden (2004) who originally used the scale in a movie community platform context. We
adapted the scale to fit to eco-driving behavior, particularly acceleration and braking behavior, to correspond to the gamified
application in use. Perceived ease of use was measured with item scales from Venkatesh and Davis (2000), and perceived enjoyment
was adapted from Cheung, Chang, and Lai (2000). Intention to use was measured using the three-item scale from Pavlou (2003), who
originally used the scale to measure transaction intentions in an e-commerce context. Here, too, we brought the scale to our gamified
application context to ask whether the user intended to use the application in the future. Items were measured using seven-point Likert
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Fig. 1. Predetermined route for the test drives with a battery electric car. Map data ©2021 GeoBasis-DE/BKG (©2009).

scales ranging from highly disagree to highly agree, and with seven-point semantic differential scales. The full instrument is provided
in Table Al (see Appendix).

4.4. Participants

We recruited 63 participants via social networking sites, email, and personal recruitment through professional and university
campus networking, who were selected by offering the opportunity to take a test drive with a battery electric car. In our between-group
experiment, one participant only did one test drive, resulting in 63 test drives with 63 different participants. We engaged a student
assistant who conducted the test drives and survey procedure with participants. Student participants were students from a large
university of the city of choice, and all other participants were from the region of the city. The demographics of the participants are
provided in Table A2 (see Appendix). Participants drove a total of about 378 km, which took more than 15 h overall. An a priori power
analysis using G*Power (Faul, Erdfelder, Buchner, & Lang, 2009) recommended that a sample size of 42 participants was required for

three groups to detect effect size f of 0.50 (equivalent to partial eta-squared (n2) of 0.20), with statistical power of 0.80 at alpha level of
0.05.

4.5. Procedures

We carried out the field experiment in four phases: assignment, introduction, driving, and post-test. We randomly assigned par-
ticipants to either the control group, visual-only group, or the visual-auditory group. For reasons of regional proximity, the test drives
were performed in the city of Hanover, Lower Saxony, Germany. The test route was determined as follows: the starting point was the
campus of the School of Economics and Management of the University of Hanover, Konigsworther Platz 1, continuing to Hamburger
Allee, turning right to Celler Strape until Briihlstrape, then Nienburger Strafe and over Callinstrafe and Kniggestrafe finally back to
Konigsworther Platz 1 (see Fig. 1).

The route for the test drives was a mix of 50 km/h and 30 km/h tempo limit city traffic and had a length of approximately 6 km with
an average duration of around 15 min per test drive. Average speed was 22.8 km/h for the control group, 21.1 km/h for the visual-only
group, and 20.9 km/h for the visual-auditory group. These values are within expected ranges because they fall within average city
speed and we expect that drivers who are not under the influence of the Smooth Driver application will tend to drive more aggressively,
which typically influences drivers to drive at higher speeds resulting in higher energy consumption (De Vlieger et al., 2000). Average
outside temperature was 11.3 °C and average time of day was 12:30 pm. Before each test drive, the participants were briefly introduced
to the test vehicle and were instructed to drive normally. They did not know that the energy consumption of the test drives was in focus
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Fig. 2. ANCOVA estimated marginal means including standard error bars (covariate: auxiliary equipment).

Table 2
ANCOVA contrast results.
Dependent variable Group contrast Mean difference Std. error Sig. 95 % confidence interval for difference
Lower bound Upper bound
Energy consumption control vs -0.10 0.51 0.84 -1.11 0.91

visual-only
control vs 1.29 0.54 0.02 0.20 2.38

visual-auditory
visual-only vs visual-auditory 1.39 0.58 0.02 0.23 2.55

Covariate: auxiliary equipment.

of the study and they were not informed which group they were assigned to. We started with the control group (no stimuli), which was
largely completed between 12 August to 19 August 2015 and some further test drives between September and December 2015 with this
group (with an average outdoor temperature of 19.8 °C in August 2015, average energy consumption of auxiliary equipment of 2.27
kWh/100 km, and an average time of 14m22s); the visual-only group was completed from 20 November to 2 December 2015 (with an
average outdoor temperature of 8.9 °C in November 2015, average energy consumption of auxiliary equipment of 1.73 kWh/100 km,
and an average time of 16m45s); and the visual-auditory group from 9 December to 19 December 2015 (with an average outdoor
temperature of 8.9 °C in December 2015, average energy consumption of auxiliary equipment of 4.58 kWh/100 km, and an average
time of 16m48s)." The procedures for controlling the covariate of auxiliary equipment was thus necessary to eliminate systematic
weather bias that might have otherwise biased the results. After completion of each test drive, participants were asked to complete a
paper survey that measured our four key latent constructs: perceived usefulness, ease of use, enjoyment, and intention to use.

5. Results and findings
5.1. Evaluation of instrumental outcomes
To evaluate instrumental outcomes, we conducted an analysis of covariance (ANCOVA) using SPSS, with energy consumption as

the dependent variable, the treatment across the three groups as the independent variable, i.e., the control group, visual-only group,

and visual-auditory group, as well as auxiliary equipment as the covariate. The assumptions of ANCOVA to ensure statistical robustness
according to Hair, Black, Babin, and Anderson (2019) were met.

1 We used historical data for the weather in Hanover, Germany from the German Meteorological Office (Deutscher Wetterdienst): https://www.
dwd.de/DE/leistungen/klimadatendeutschland/klimadatendeutschland.html.
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Table 3
Principal component analysis.
Construct Item Component Cronbach’s alpha Average variance extracted (AVE)
1 2 3 4

Perceived usefulness PU1 0.71 0.12 0.17 0.47 0.92 0.66
PU2 0.87 0.18 0.04 0.29
PU3 0.87 0.14 0.14 0.25
PU4 0.78 0.22 0.35 0.18
PU5 0.83 0.16 0.27 0.16

Perceived ease of use PEOU1 0.42 0.62 0.23 -0.13 0.83 0.64
PEOU2 0.19 0.84 0.15 -0.10
PEOU3 0.11 0.86 0.23 0.12
PEOU4 0.08 0.85 0.10 0.16

Perceived enjoyment PE1 0.12 0.21 0.88 0.21 0.89 0.59
PE2 0.30 0.20 0.70 0.45
PE3 0.15 0.21 0.84 0.25
PE4 0.46 0.25 0.64 0.14

Intention to use INT1 0.33 -0.01 0.37 0.82 0.95 0.71
INT2 0.33 0.08 0.39 0.82
INT3 0.24 -0.01 0.14 0.89

Rotation sums of squared loadings Total 4.16 2.89 3.06 2.94

% of variance 25.98 18.06 19.11 18.37
Cumulative % 25.98 44.04 63.15 81.52

Table 4
Correlation matrix.
PU PEOU PE INT KWH SEX AGE PRO
PU 0.81
PEOU 0.42 0.80
PE 0.58 0.48 0.77
INT 0.61 0.18 0.63 0.84
KWH 0.03 -0.05 -0.12 -0.08 1.00
SEX 0.08 0.07 -0.10 -0.28 0.15 1.00
AGE -0.02 -0.21 -0.02 -0.04 -0.12 -0.07 1.00
PRO -0.18 -0.06 -0.15 -0.16 -0.10 0.16 -0.42 1.00

Notes: PU = perceived usefulness, PEOU = perceived ease of use, PE = perceived enjoyment, INT = intention to use, KWH = kilowatt hours, SEX =
gender, AGE = age, PRO = profession; value on the diagonal is the square root of average variance extracted (AVE).

Table 5
Means and standard deviations of survey results.
Dependent variable Group Mean Std. deviation N
Perceived usefulness Visual-only 3.70 1.31 20
Visual-auditory 3.04 1.17 21
Perceived ease of use Visual-only 4.25 1.45 20
Visual-auditory 4.11 0.91 21
Perceived enjoyment Visual-only 4.48 1.15 20
Visual-auditory 3.38 1.30 21
Intention to use Visual-only 3.79 1.22 20
Visual-auditory 2.51 1.38 21

Fig. 2 shows means and standard errors between the groups for the dependent variable. Estimated marginal means are lower for the
visual-auditory group compared to both the control group and the visual-only group, indicating that less energy has been consumed for
the visual-auditory group. Contrast results in Table 2 further show significant variances between the visual-auditory and control group
as well as the visual-auditory and visual-only group, which is in line with hypothesis 1, but no significant variances between the visual-
only group and the control group.

5.2. Evaluation of experiential outcomes
To evaluate differences in experiential outcomes, we first conducted a factor analysis as a dimensional reduction method using the
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Table 6
MANOVA results for survey constructs.
Dependent variable Sum of squares df F Sig.
Perceived usefulness 2.70 1 2.76 0.11
Perceived ease of use 0.10 1 0.09 0.77
Perceived enjoyment 6.91 1 7.94 0.01
Intention to use 7.42 1 8.92 0.01
Visual-only (disagree) Visual-auditory (disagree)
4 4
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Fig. 3. Split histogram.

principal component analysis with varimax rotation as the extraction method. Results of the factor analysis showed that the mea-
surement items loaded between 0.62 and 0.89 on their respective constructs, thus exceeding the recommended value of at least 0.50
and demonstrating adequate indicator reliability and convergent validity (Hair et al., 2019). The internal consistency of the scales
through Cronbach’s alpha ranged from 0.83 to 0.95, which were exceeding the recommended value for construct reliability of at least
0.70, thus meeting criteria for internal consistency (Hair et al., 2019). Average variance extracted (AVE) ranged from 0.59 to 0.71,
exceeding the recommended lower limit of 0.50 and thus indicating convergent validity (Fornell & Larcker, 1981). All items loaded
more highly on their constructs than any other constructs, and in all cases the items loaded above 0.62 and the differences were greater
than 0.18. Table 3 shows all loadings and cross loadings of the principal component analysis, as well as Cronbach’s alpha and AVE
values. The square root of the AVE for each construct was larger than the correlation of the construct with any other constructs in the
model, which demonstrated discriminant validity (Fornell & Larcker, 1981) (see Table 4).

To examine the between-group differences in construct means between the experimental groups who used the gamified mobile
application during test drives (visual-only and visual-auditory group), we ran a multivariate analysis of variance (MANOVA). Table 5
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shows means and standard deviations for both groups, indicating that perceived usefulness, ease of use, enjoyment, and intention to
use were rated higher by the visual-only group. The results from the MANOVA analysis summarized in Table 6 show that two of the
four construct mean differences were statistically significant at p < 0.01.

We present two main findings regarding experiential outcomes:

1. For the visual-only group, perceived usefulness and ease of use were evaluated higher than for the visual-auditory group, but these
differences were not statistically significant at a p-value of 0.11 for perceived usefulness, and a p-value of 0.77 for perceived ease of
use. Thus, hypotheses 2a and 2b were not supported by our results.

2. We found statistically significant differences between the visual-only and visual-auditory group at a p-value of 0.01 for both
perceived enjoyment and intention to use. Both constructs were evaluated significantly higher by the visual-only group compared
to the visual-auditory group. Our results are in line with hypotheses 2¢ and 2d.

Overall, the results show that there are no significant differences of perceived usefulness between the visual-only group (mean =
3.70) and the visual-auditory group (mean = 3.04), as well as of perceived ease of use between the visual-only group (mean = 4.25)
and the visual-auditory group (mean = 4.11). However, there are significant differences of perceived enjoyment between the visual-
only group (mean = 4.48) and the visual-auditory group (mean = 3.38), as well as of intention to use the gamified application between
the visual-only group (mean = 3.79) and the visual-auditory group (mean = 2.51). This suggests that adding auditory cues to visual
stimuli partly influenced the experiential outcomes in our experiment, where it had no significant effect on perceived usefulness and
ease of use; however, participants’ perceived enjoyment and intention to use significantly decreased when adding auditory cues.

To visualize the relationship between participants’ intention to use the gamified application and energy consumption, we created a
split histogram of the dependent variable energy consumption for the visual-only and visual-auditory group, showing differences of the
intention to use the gamified application (see Fig. 3). We have focused on the relationship between participants’ intention to use and
the actual behavior (energy consumption), because intention to use is considered to be a central predictor of actual behavior (Ajzen,
1985; Ajzen & Fishbein, 1980). To calculate the level of agreement, “agree” categories were combined to calculate the frequency of
agreement, and “disagree” categories were combined to calculate the frequency of disagreement. The frequency of the mid-point was
used to report “undecided”. The split histogram confirms our main insight that participants from the visual-only group expose higher
intentions to use the gamified application; however, they consume more energy the more they agree to use the application, compared
to participants from the visual-auditory group.

6. Discussion, implications, and recommendations

We carried out a field experiment to get insights about both instrumental and experiential outcomes on eco-friendly driving from
using a gamified mobile application providing two different levels of sensory stimuli. Our data analysis of the instrumental outcomes
showed that using this application leads to a significant reduction of energy consumption. Our results and findings suggest that real-
time gamification in safety critical situations can improve eco-driving behaviors, i.e., reduce energy consumption significantly.
However, comparing the instrumental to the experiential outcomes, we notice a new by-product to this effect: participants from the
visual-auditory group perceived the application to be less enjoyable and in turn reported lower intentions to use the application
compared to participants from the visual-only group. Together, our results and findings indicate that gamified driving can improve
user behavior such that less energy is consumed if they are designed such that the experience of using the gamified application is
enjoyable and thus drivers are willing to use the application — if the sensory stimuli are over-engineered, so to speak, then outcomes can
be improved but adoption is likely hampered. Prior studies acknowledge that providing sensory stimuli to the driver effectively to
change their driving behavior without provoking cognitive overload is not a simple task (Pietra et al., 2021).

Our findings contribute to several ongoing discussions about gamified driving. First, to the ongoing discussion in the gamified
driving literature regarding a trade-off between outcomes and adoption, we provide deeper insights into the relationships between
visual and auditory stimuli on the one hand, and the adoption of gamified systems in a real-time safety critical situation on the other.
Our results show that the gamified application offers a more enjoyable user experience for the visual-only group who tend to accept the
application more, however, the visual-auditory group consumes less energy although users’ perceived enjoyment of using the
application is significantly lower. These findings lead to a stance that creates the challenge to develop applications in gamified driving
that appeal to a visual display enhancing instrumental outcomes, but also which does not neglect to consider whether to include
auditory stimuli that users perceive enjoyable and thus are more likely to use the gamified application. This suggests that relevant
design concepts for real-time gamification are required, which give directions to design gamified systems more efficiently to enhance
both outcomes and adoption of gamified eco-driving.

Second, to the literature on sensory stimuli, we show that visual and auditory stimuli relate differently to instrumental and
experiential outcomes. While visual-only stimuli increase the adoption of the gamified application, combined visual-auditory stimuli
lead to higher energy reductions. This insight gives new directions for research on sensory stimuli that adding auditory to visual stimuli
can help increase engagement to drive more eco-friendly. However, a misbalance between outcome and adoption can lead to a decline
in interest and intended use of the system. We suggest further research to analyze the trade-off between outcomes and adoption of
systems using both visual and auditory stimuli.

Our findings provide implications for research in gamified driving regarding two aspects: gamification design and sensory stimuli.
The implications regarding gamification design come from the way we operationalized the system in our study. We focused on a
challenge (keeping a red ball inside of a grey bowl) and fail points (which were dispensed for each drop of the ball). Naturally, there are
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many different and other ways through which a system might be gamified (see, e.g., Blohm & Leimeister, 2013; Bui, Veit, & Webster,
2015; Kankanhalli, Taher, Cavusoglu, & Kim, 2012; Zichermann & Cunningham, 2011). A logical extension of our work is thus to
analyze further design elements beyond our real-time safety critical context such as leaderboards and badges, competition and social
comparison, as well as storytelling and discovery, just to name a few. For example, leaderboards and badges, which involve
competition and social comparison, could enhance not only motivation but also instrumental outcomes at the same time, because these
elements could improve users’ driving behavior without overly distracting from traffic. A result of this might provide an argument that
real-time feedback is inferior to ex-post reporting (e.g., at the end of a day or a route). Other ways to continue along the ideas of our
framework relate to including cognitive experience elements such as storytelling and discovery in addition to sensory experience
elements that we focused on. For example, building an environmental related story around the task and allowing users to discover the
environmental impact of their future behaviors might provide ex-ante effects (e.g., before driving a route).

To the aspect of sensory stimuli, broadly, our results and findings support the contention that gamified systems can assist at least
one of the environmental challenges (energy consumption). Yet, the key insight is that they do so in a more nuanced way: the presence
of the auditory signal decreases the intention to use the system, thereby adversely affecting the potential broader environmental gain.
Together, our results and findings inform a trade-off between outcomes and adoption of real-time gamified driving to support envi-
ronmental sustainability: the level of outcomes and adoption vary based on the extent to which sensory stimuli are designed into a
system, and a careful balance must be struck to increase both impact (instrumental outcomes) and significance (in terms of widespread
diffusion). Therefore, we suggest that sensory stimuli should be chosen such to maximize both adoption and outcomes. This is
particularly challenging in scenarios where the sensory stimuli are highly competing with the main task, where the desirable behavior
change is motivated by the gamified system. In the context of this study, the main task is driving, which is highly visual. For technology
use, this implies that the impact of various sensory stimuli on experiential and instrumental outcomes need to be taken into consid-
eration in technology use studies. Researchers can use our research design to investigate how diverse sensory stimuli lead to varying
results and findings. In simple terms, in order to advance the understanding of sensory stimuli in gamified driving, we need to explore
which combination of the stimuli works best in which user, task, and technology context. In an eco-driving context, a further
exploration of the design of sensory stimuli in gamified systems will need to be addressed in order to impel the role that gamification
can play in reducing energy consumption. The differences and similarities of the investigated scenario (eco-driving) to other relevant
fields where gamification is applied should be considered. While driving is a highly visual task, for example, in a teaching and learning
scenario, a lecture is a highly auditory task where the educator verbally presents the lecture content to the students. Here, the auditory
stimuli in gamified systems would compete with the main task of listening to the lecturer. Another example is a gamified fitness
environment, where the user might be too busy to look at the mobile phone but could use a smartwatch for visual gamified feedback,
for example, while running. In contrast to driving, auditory stimuli might not be too distracting in gamified fitness unless severe
consequences are possible, such as in high-risk sports like climbing or parkour, where fatal accidents can occur due to distraction and
inattention similar to driving. In general, gamification design elements need to fit with the target system including the user, task, and
technology to create behavioral changes and produce desired user-system interactions (Liu et al., 2017).

There are several advantages and disadvantages of our experimental design. Advantages include (1) the inclusion of a control group
as the baseline, which allows to compare the baseline with the visual-only and visual-auditory conditions; and (2) our choice of a
battery electric car, which offers the advantage of providing a precise measurement of energy consumption through built-in telematics
and a battery management system. In terms of disadvantages, we acknowledge (1) the limited experience of our participants driving a
battery electric car, which presented a new situation for them but at the same time motivated them to participate, and (2) the limited
generalizability of our results beyond the driving context because driving is a highly visual task, which, in turn, increases the relevance
of implications for gamified eco-driving.

7. Limitations

First, in order to shift between our experimental groups, we used a specific type of auditory stimulus, namely that of a monotonous
sound signal produced by the gamified application. We cannot rule out that other types of sound signals lead to different results and
findings. Since our interest was to discourage drivers from excessive acceleration and hard braking, we chose to use an existing
gamified application including the gamification element of punishment in the form of visual fail points and a discouraging sound signal
to increase the challenge of avoiding to lose the ball from the bowl. To the contrary, using sounds for rewards instead of punishments
could lead to different results regarding the experimental outcome. However, this would require to change the challenge. Instead of
punishing the driver for each lost ball, the driver could be motivated by keeping the ball inside the bowl for each ten seconds to collect
points accompanied by rewarding sound effects. Further research could conduct experiments including different conditions where two
types of sounds are compared (punishment vs reward), the inclusion of an eye-tracker, or the application of a second, different scenario
with another primary task.

Second, our field experiment was conducted in a large state capital city in Europe. Measures in other cities and cultures may lead to
different results. This can be due to several reasons, including different traffic and routes, as well as different values and beliefs due to
cultural differences, but also due to diverse effects through sensory stimuli.

Third, in terms of generalizability, our results are bounded to the demographic characteristics of our sample. Most of the partic-
ipants were male students and under 30 years old, hence, care must be taken when choosing an approach to generalize the findings
beyond this population.

Fourth, considering the precision of sample estimates, which is mainly affected by the sample size (Baroudi & Orlikowski, 1989),
we draw attention to our relatively small sample size (n = 63). This sample size was sufficient to run the tests described. However, it is
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clearly not large enough to examine small effects. Still, in terms of the balance between statistical power and the investigator’s re-
sources (Cohen, 1992), test drives under controlled conditions require a high amount of effort and time. Our participants drove a total
of approximately 378 km in more than 15 h overall. Regarding the supervision of the test drives and survey administration, this
resulted in a high amount of effort and time required to conduct the test drives and survey administration.

Fifth, we focus on short-term effects, however, fatigue effects provide further prospects for future research. Gamified systems might
be used to a certain degree of usage frequency until fatigue occurs because a consolidation of desired behaviors might eventuate.
Conducting a longitudinal experiment to analyze long-term effects could provide new useful insights.

Sixth, we analyze the effect of sensory stimuli in a gamified eco-driving context. An experiment outside the challenging driving
scenario has the potential to provide insights with less potential confounds and limitations (e.g., traffic and weather conditions). While
our field experiment in contrast to simulator studies provides higher external validity because the extent of generalizability to real-life
situations is higher, internal validity can be improved by replicating our study in a simulator environment and by conducting a field
experiment in other non-driving contexts. However, in contrast to a safe simulation, the real-world evaluation of gamifying an activity
where the risk profile is real allows to conduct real-time gamification in safety critical situations, as performed in our study.

8. Conclusions and outlook for further research

We examined how two types of sensory stimuli, visual and auditory, in gamified systems assist drivers to reduce their energy
consumption during vehicle operation. We uncovered a trade-off between the instrumental and experiential outcomes of gamified
driving for environmental sustainability. The results and findings of our experiment showed that real-time gamification in safety
critical situations can engage users in environmental driving to reduce energy consumption, however, an inaccurate balance between
visual and auditory stimuli can lead to a decrease of user adoption. Together, our findings show that while gamified systems enable
users to improve their eco-driving behavior, sensory stimuli help to enhance or lead to diminish the experience of vehicle operation
depending on the types and combinations of stimuli designed into a system. Our results and findings serve as a basis for future
strategies for the design of successful applications in gamified driving, which ideally increase user engagement and create desired
behaviors.

Given the underrepresented role of sensory stimuli in current gamified driving research, we propose that more attention should be
given to core components including sight and sound, which are essential parts of any gamification design element (Landers, 2019).
Most studies focus on visual stimuli only, which are legitimate in their own rights. Our study shows that besides sight, the sound of
gamified systems can substantially influence the way sensory stimuli are perceived by users of gamified systems, which, eventually,
can have a substantial impact on the desired behavior. Thus, we concur with Rapp et al.’s (2019) view that even small design changes
in gamified systems can have huge impacts on the user experience. Our study further shows that it is not only one or the other sensory
stimuli, but the combination that provides implications for design choices of gamified systems. We recommend that further research
considers visual and auditory stimuli for diverse gamification design elements, such as in our research regarding visualized fail points
accompanied by an auditory beep signal, or with regard to other studies, e.g., Landers et al.’s (2020) study, where an auditory narrative
game element helps test-takers in assessment situations; or Santhanam, et al.’s (2016) study, where an auditory simulated applause
emphasizes an achievement, or background music matches to the intensity of game levels.

We return to the initial question: How and when does gamification work, and how and when not? Gamification is past the first wave
of research, where fundamental questions of “what is gamification?” and “why does gamification work?” have been asked and sub-
stantially investigated. We contribute to the current wave by analyzing how and when sensory stimuli in gamified systems influence
users’ behaviors. These questions are posed, but far from answered. In addition, our study yields a new question: Where does gami-
fication fit in which context? We use gamification on the road (addressing the question of “where?”) and in an eco-driving context (the
“which?”). The competing activity between the gamified system and the main task of driving shows the importance to address where
gamification works and in which context. While our results and findings can be generalized in an eco-driving context, care must be
taken in any effort to generalize the findings beyond the context of eco-driving due to distinct competing activities depending on the
gamification design choices and the main task of the instrumental outcome. We discussed other contexts including gamification in
education and fitness, which reveals boundaries of generalization and therefore addresses the question of “how and when not”. What
works effectively in one context, might be ineffective in a different context. We showed that variations of sensory stimuli play an
important role in the task scenario. Due to these boundaries, we expect an increase of gamification research addressing implications of
design choices and user-system interactions from an instrumental task context perspective.
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Table Al
Survey instrument.
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Construct

Item

Source

Perceived usefulness
(PU)

PU1: The app helps me to adjust my acceleration and braking behaviour more quickly and more easily.
PU2: The app helps me to improve my acceleration and braking behaviour.

van der Heijden (2004)

PU3: By using the app, I am better informed about my acceleration and braking behaviour.
PU4: By using the app, I can decide more quickly and more easily whether I want to adjust my acceleration
and braking behaviour or not.
PUS: By using the app, I can better decide whether I want to adjust my acceleration and braking behaviour
or not.
PEOU1: My interaction with the app is clear and understandable.
PEOU2: Interacting with the app does not require a lot of mental effort.
PEOU3: I find the app to be easy to use.
PEOU4: I find it easy to get the app to do what I want it to do.
Perceived enjoyment Using the app is...
(PE) PE1: disgusting-enjoyable
PE2: dull-exciting
PE3: unpleasant—pleasant
PE4: boring-interesting
INT1: Given the chance, I intend to use the app.
INT2: Given the chance, I predict that I should use the app in the future.
INT3: It is likely that I will use the app in the near future.

Venkatesh and Davis
(2000)

Perceived ease of use
(PEOU)

Cheung et al. (2000)

Intention to use (INT) Pavlou (2003)

Table A2
Demographics of participants.

Control group Visual-only Visual-auditory All participants

group group
(n =22) (n = 20) (n=21) (n =63)

Gender

Male 18 81.8 % 14 70.0 % 16 76.2 % 48 72.2%

Female 2 9.1 % 5 25.0 % 4 19.0 % 11 22.2 %

Not specified 2 9.1 % 1 5.0 % 1 4.8 % 4 5.6 %

Age

18-19 5 22.7 % 6 30.0 % 4 19.0 % 15 23.8 %

20-29 11 50.0 % 13 65.0 % 17 81.0 % 41 65.1 %

30-39 5 22.7 % 0 0.0 % 0 0.0 % 5 7.9 %

>40 0 0.0 % 1 5.0 % 0 0.0 % 1 1.6 %

Not specified 1 4.5 % 0 0.0 % 0 0.0 % 1 1.6 %

Profession

Student 16 72.7 % 18 90.0 % 19 90.5 % 53 84.1 %

Employed 4 18.2% 2 10.0 % 1 4.8 % 7 11.1 %

Not specified 2 9.0 % 0 0.0 % 1 4.8 % 3 4.8 %

Data availability

Data will be made available on request.
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